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Abstract.  Transmission  electron  microscopy  and  diffraction  have 
been  used  to  study  the  packing  arrangements  of  docosyl  thiol 
(CH3 (CH2) 2iSH^^RSH) ,  didocosyl  sulfide  (RSR) ,  and  didocosyl 
disulfide  (RSSR)  on  gold  single  crystal  foils.  The  specimens 
include  gold  films  in  (100)  and  (111)  orientations.  Docosyl 
thiol  and  didocosyl  disulfide  adsorbed  on  (111)  faces  assemble  in 
coincidence  lattice  structures  yielding  hexagonal  overlayers 
c ( 7  x  7)  in  which  the  short  interchain  distance  (4.97  A) 
indicates  freely  rotating  methylene  chains.  On  a  (100)  surface 
both  alkyl  groups  exhibit  an  in-plane  structure  consisting  of  a 
base-centered  square  array  in  which  the  interchain  distance 
(4.54  A)  implies  a  hindered  chain  movement.  The  spacing  here  is 
a  rational  multiple  (10/9)  of  the  sublattice  spacing,  suggesting 
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that  the  overlayer  is  repeated  in  the  center  lattice  c(10  x  10) . 
Although  docosyl  thiol  and  didocosyl  disulfide  present  the  same 
in-plane  structures  on  a  (111)  surface,  on  a  (100)  surface  the 
dialkyl  disulfide  exhibits  additional  phases  as  well.  These 
phases  are  incommensurate  with  the  predominant  subsurface  (100) 
lattice;  however,  the  interchain  spacings  indicate  that  they  are 
repeated  in  the  base-centered  square  overlayers  c(7/2  / 2  x  7/2 
J2)  and  c(5  x  5).  Their  translational  correlation  lengths  are 
greater  than  the  correlation  lengths  of  the  hexagonal  overlayer 
and  the  c(10  x  10)  square  overlayer,  but  the  orientational 
correlations  are  similar  and  are  long-range  in  all  phases. 
Measurements  of  the  diffraction  intensity  and  spot  displacement 
with  sample  tilting  indicate  that  thiol  and  disulfide  chain 
inclination  has  a  probability  distribution  that  is  axially 
symmetric  about  the  vector  normal  to  either  substrate.  The 
measurement  of  the  average  chain  inclination  from  the  falloff  of 
diffracted  beam  intensity  with  beam  tilt  is  complicated  by 
anomalous  attentuation  associated  with  dynamical  scattering  from 
the  substrate.  Estimates  of  tilt  angle  indicate  that  the  hep 
phase  has  the  greatest  average  tilt  (25-35°);  this  is  followed  by 
the  c ( 10  x  10)  square  overlayer  (6-12°)  and  finally  by  the  c(7/2 
J 2  x  7/2  J2)  and  c(5  x  5)  square  overlayers  (<6°). 

The  phases  of  didocosyl  sulfide  (RSR)  on  gold  are  ambiguous. 
All  diffraction  data  indicate  structures  that  are  isomorphous 
with  didocosyl  disulfide  (RSSR) .  The  weaker  binding  of  the 
sulfide  compared  to  the  disulfide,  however,  suggests  the  pos- 
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sibil ity  that  adsorbed  disulfide  impurities  may  mask  the  true 
sulfide  phase. 


Introduction 


High  resolution  electron  microscopy  and  electron  diffraction 
techniques  have  been  used  to  study  the  molecular  packing  of 
monolayer  and  multilayer  organic  films,  particularly  long  alkyl 
chains  of  various  terminal  functionality.  Monolayer  films  have 
been  studied  as  adsorbates  on  metallic,1  semimetallic, 2  and  oxide 
surfaces,3  and  as  Langmuir-Blodgett  films  deposited  on  amorphous 
substrates.4'5  The  structure  of  long  paraffin  chains  in 
monolamellar  and  multi-lamellar  assemblies  has  received 
considerable  attention  because  of  their  importance  as  models  of 
biological  membrane  systems,  tunneling  barriers  for  electron  and 
ion  transport,  and  agents  for  enhancing  the  wettability, 
adhesion,  lubrication,  wear,  and  passivation  of  surfaces. 

Kitaigorodskii6  and  Segerman7  have  described  hydrocarbon 
chain  packing  arrangements  from  single  crystal  X-ray  structure 
determinations  of  multi-lamellar  paraffin  crystals  and  have 
compared  them  with  theoretical  models  based  upon  van  der  Waals 
interaction  volumes.  The  latter  fall  into  three  different 
categories  (and  four  different  space  groups)  depending  on  whether 
the  hydrocarbon  chain  axes  are  all  parallel,  whether  alternate 
chain  layers  are  crossed,  or  whether  the  alkyl  chains  have 
rotational  symmetry.  Examining  all  possible  symmetry  relations 
of  a  saturated  hydrocarbon  chain  in  extended  trans  configuration 
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and  arbitrary  length,  Segerman  found  that  ten  possible  subcells 
are  obtained  when  all  chain  axes  are  parallel  and  thirty-one  when 
they  are  not.  Of  these,  six  different  subcells  have  so  far  been 
observed  in  the  first  category  and  two  in  the  second.  The 
detailed  structure (s)  of  the  postulated  hexagonal  (rotator)  phase 
is  not  well  known,  but  it  is  thought  to  involve  translational  as 
well  as  tilt  disorder.  Conversion  from  an  orthorhombic  unit  cell 
to  a  hexagonal  one  has  been  demonstrated  for  undecanoic  acid  by 
raising  the  temperature  to  several  degrees  below  melting.8 

The  strategy  underlying  the  packing  analyses  was  to  ignore 
distortions  that  occur  close  to  the  chain  ends  where  shear  may  be 
introduced  because  end  groups  do  not  permit  the  convex  parts 
along  one  chain  to  fit  exactly  into  the  concave  parts  along  an 
adjacent  chain.  The  analyses  do  not  address  the  possibilities  of 
kink  formation  in  cases  where  end  group  functionality  may  pin  the 
chain  centers  to  fixed  positions  on  a  substrate  surface,  thereby 
raising  the  energy  of  a  local  trans  conformation  to  favor  the 
introduction  of  a  chain  point  defect  or  a  kink  block.9  Phase 
transitions  of  alkyl  chains  involving  the  substitution  of  an  all- 
trans  conformation  by  gauche  conformations  at  the  chain  end  and 
gauche-trans-gauche  conformations  in  the  body  of  the  chain  have 
been  induced  by  elevating  temperature, 10  by  varying  electrolyte 
concentrations, 11  and  by  causing  terminal  groups  to  interact  with 
macromolecules.12  In  addition,  chain  tilt  produced  by  the 
competition  between  the  spacings  preferred  by  the  various  head 
groups  and  their  nonpolar  tails13  becomes  increasingly  sig- 
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nificant  as  hydrocarbon  chain  lengths  decrease. 

Recently,  interest  has  turned  towards  alkyl  chains  with 
specific  head  group  functionality  that  permits  adsorption  onto 
specific  substrate  sites  from  a  solution  phase,  and  the  spon¬ 
taneous  assembly  of  such  adsorbates  into  close-packed,  oriented 
quasi  two-dimensional  monolayers.  Alkyl  thiols  (RSH)  and  dialkyl 
disulfides  (RSSR)  have  been  shown  to  be  systems  that  self- 
assemble  into  close-packed  alkyl  monolayers  from  solution  on  gold 
surfaces.14  They  have  been  used  to  promote  adhesion  between  a 
conducting  surface  and  polyethylene, 15  have  been  shown  to  exhibit 
extraordinary  resistance  to  electron  tunneling  in  the  electroche¬ 
mical  reduction  of  ferricyanide  at  a  coated  gold  electrode,16 
have  been  found  to  alter  the  grain  morphology  of  thermally 
deposited  gold  and  silver  film  on  aluminum  and  silver  oxide 
substrates, 17  and  to  alter  dramatically  the  wetting  properties  of 
evaporated  gold  films.18 

The  bonding  of  a  sulfide  headgroup  to  a  substrate  is 
expected  to  impart  strong  bond-oriented  ordering  in  the  plane  of 
the  film.  A  model  is  provided  by  Oudar  et  al.,19  who  studied  the 
chemisorption  of  hydrogen  sulfide  gas  on  (100),  (111),  and  (110) 
faces  of  gold  single  crystals  under  ultra-high  vacuum  conditions 
using  LEED  and  Auger  spectroscopies.  They  identified  four  LEED 
patterns  for  the  two-dimensional  sulfur  layer  on  Au(100).  Each 
exhibited  similar  square  mesh  diagrams  but  different  coordination 
symmetries,  desorption  temperatures,  and  inter-sulfide  distances. 
The  most  stable  structure  appears  at  about  half-saturation 
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coverage  and  conforms  to  the  overlayer  p(2  x  2)  where  the  minimum 
sulfur-sulfur  distance  is  5.76  A — twice  the  separation  between  Au 
atoms  along  a  [110]  direction.  At  higher  saturation  coverage, 
rotation  and  contraction  of  the  surface  mesh  gave  LEED  evidence 
of  microdomains  having  the  following  overlayer  structures  and 
spacings:  c(2  x  2),  dss  =  4.07  A,  p(6  x  6),  dss  =  3.80  A  and 

c ( 4  x  4),  dss  =  3.64  A.  In  the  most  densely  packed  structure, 
the  sulfur  atoms  are  believed  to  coordinate  with  a  variable 
number  of  atoms  and  with  neighboring  sulfur  atoms.  On  the  (111) 
Au  face,  exposures  up  to  10~^  torr  of  hydrogen  sulfide  gives  only 
half  saturation  coverage  as  determined  by  quantitation  under  the 
sulfur  Auger  peak.  Diffraction  shows  a  p(l  x  1)  array  of  spots, 
corresponding  to  the  adsorption  of  less  than  half  a  monolayer  of 
sulfide.  Greater  coverage  could  be  achieved  only  by  exposure  to 
both  H2  and  H2S.  Indistinct  structures  that  were  initially 
formed  owing  to  the  high  sulfide  mobility  on  this  face  ultimately 
crystallized  into  a  complicated  saturation  structure. 

We  undertook  a  series  of  electron  diffraction  studies  of 
docosyl  thiol  (CH3 (CH2) 21SH,  RSH) ,  didocosyl  sulfide  (RSR)  and 
didocosyl  disulfide  (RSSR)  adsorbed  on  crystalline  gold  surfaces 
to  examine  the  effect  of  substituting  different  head  groups  as 
well  as  the  role  of  substrate  symmetry  in  determining  the  modes 
of  chain  packing.  Both  transmission  and  surface  reflection 
experiments  were  performed  in  an  effort  to  evaluate  in-plane  and 
plane-parallel  structures.  The  latter  has  not  yet  revealed  any 
well-defined  reflections  attributable  to  the  organic  sulfides. 


Experimental 

Materials.  Didocosyl  disulfide  (mp  76-78  °C)  was 
synthesized  in  these  laboratories  by  Janette  Houk  and  Yu-Tai  Tao; 
didocosyl  sulfide  (mp  77.3-78.0  °C)  and  docosyl  thiol  (mp  46-48 
°C)  were  synthesized  by  Ernest  B.  Troughton.18  1H  NMR  spectra  of 
each  compound  showed  no  evidence  of  any  impurity.  Cyclohexyl 
mercaptan  was  purchased  from  Aldrich  (nominal  purity  99.9%)  and 
was  used  without  further  purification.  Hexadecane  (Aldrich 
Chemical  Company),  which  had  a  nominal  purity  of  99%,  was  further 
purified  by  slow  elution  through  a  column  of  alumina  and  stored 
under  nitrogen.  All  organosulfur  compounds  were  dissolved  in 
either  hexadecane  or  absolute  ethanol. 

The  gold  wire  used  for  vacuum  evaporations  (99.99%  purity) 
was  obtained  from  Alpha  Ventron  and  Engelhardt.  Single  crystal 
sodium  chloride  (NaCl)  and  barium  fluoride  were  supplied  by 
Optovac,  Inc.  and  cleaved  into  slices  approximately  1-cm2  x  2 -mm 
thick  along  the  dominant  cleavage  planes  with  a  razor  blade. 

Mica  sheets  were  separated  by  forcing  distilled  water  between 
leaves  with  a  hypodermic  syringe.  Silicon  wafers  were  obtained 
in  (100)  and  (111)  orientations  from  Monsanto. 

Sample  Preparation  and  Treatment.  A  variation  of  the  method 
of  Pashley  et  al.20  was  used  to  obtain  oriented  single  crystal 
gold  foils.  Gold  was  evaporated  from  resistively  heated  tungsten 
boats  onto  cleaved  surfaces  of  NaCl  (100)  orientation  and 
BaF2(lll)  orientation  held  at  a  temperature  of  300  °C.  The 
deposition  was  carried  out  at  10-5  to  10-6 


torr  in  an  oil 


diffusion  pumped  system  equipped  with  a  liquid  nitrogen  trap 
assembly.  After  600-800  A  of  gold  had  been  deposited,  the 
temperature  was  slowly  raised  to  450  °C  and  subsequently  lowered 
to  ambient  temperature  at  a  rate  of  about  100  °C  h-1.  Initially, 
a  preevaporated  layer  of  silver  was  used  to  try  to  reduce  the 
deposited  thickness  of  gold  necessary  to  produce  a  continuous 
crystalline  foil.  Our  hope  was  subsequently  to  dissolve  this 
preevaporated  layer  in  0.1  N  nitric  acid.  Auger  analysis  of  the 
acid-treated  foils  showed,  however,  that  the  silver  could  never 
be  completely  removed  from  either  surface  of  the  foil,  and  we 
concluded  that  trace  amounts  of  silver  had  alloyed  with  the  gold. 
This  surface  contamination  precluded  the  use  of  silver  for 
minimizing  foil  thickness.  Oriented  crystalline  foils  to  be  used 
in  TEM  studies  were  removed  from  their  substrates  by  dissolving 
the  substrates  in  distilled,  deionized  water. 

To  avoid  possible  interference  by  absorption  of  surface 
contaminants,  the  single  crystal  foils  were  electrochemically 
cleaned  by  cycling  through  potentials  between  +1.5  V  (NHE)  and 
-0.4  V  (NHE)  where  gold  dissolution  is  essentially  avoided. 21 
The  apparatus  to  accomplish  this  cycling  consisted  of  an  electro¬ 
chemical  cell  containing  0.1  N  HCIO4  as  electrolyte  and  gold 
working  and  control  electrodes.  The  reference  electrode  was  a 
double-junction  Na2S04/Ag-AgCl  electrode,  selected  to  reduce 
chloride  ion  contamination.  The  single  crystal  gold  foils  were 
floated  onto  3-mm  polycrystalline  gold  mesh  electron  microscope 
grids.  A  grid  containing  the  sample  substrate  was  sandwiched 


between  two  gold  foil  covers,  each  cover  having  a  2-nun  perfora¬ 
tion  to  permit  contact  of  electrolyte  with  the  sample.  The  foil 
containing  the  crystalline  sample  was  connected  as  the  working 
electrode  in  a  cyclic  voltammetry  configuration.  The  voltammetry 
cell  was  perfused  with  argon.  After  10-15  min  of  potential 
cycling — an  interval  sufficient  to  produce  a  clean  surface 
voltammogram  of  polycrystalline  gold^2 — the  sample  was  removed 
from  the  cell,  twice  rinsed  in  distilled,  deionized  water  and 
finally  in  ethanol.  The  sample  was  immersed  in  a  solution 
containing  the  desired  adsorbate  and  left  for  at  least  2  h; 
presumably  both  faces  of  the  foil  were  covered  with  the  adsor¬ 
bate.  Ethanol  was  found  to  be  the  better  solvent  for  the 
adsorption  because  it  did  not  cause  curling  of  the  sample  foil. 
Adsorption  was  carried  out  at  25  °C  from  solutions  that  had  been 
made  slightly  supersaturated  by  warming  to  about  35-40  °C.  Final 
rinsing  was  done  in  absolute  ethanol  or  in  hexadecane  followed  by 
reagent  grade  hexane. 

The  effectiveness  of  this  procedure  in  producing  close- 
packed  organic  monolayer  films  was  judged  by  parallel  voltametric 
and  ellipsometric  measurements  using  either  vacuum  deposited  gold 
film  on  silicon,  polycrystalline  foil,  or  the  (111)  faces  of  bulk 
gold  crystals.  Under  potentiodynamic  conditions,  the  cathodic 
potential  vs.  current  display  of  a  gold  electrode  shows  no 
hydrogen  adsorption  from  which  the  real  surface  area  can  be 
determined.  However,  the  real  surface  area  can  be  estimated  from 
the  integrated  current  contained  within  the  oxygen  adsorption 


region  during  the  anodic  potential  sweep  or  from  the  oxygen 
desorption  region  (22) .  When  compared  to  the  geometric  area  of 
the  samples,  the  measured  surface  areas  indicate  a  surface 
roughness  from  1.3  for  evaporated  films  and  2.4  for  polished 
crystal  surfaces.  The  anodic  oxidation  of  surface  disulfide 
species  gives  a  peak  potential  that  increases  positively  (for  a 
fixed  sweep  rate)  as  the  chain  length  increases.  Disulfides  are 
presumed  to  adsorb  primarily  as  thiolate  on  gold  (111)  faces 
(38) .  If  one  assumes  that  didocosyl  disulfide  adsorbs  as 
thiolate  and  converts  to  sulfonic  acid  by  a  five-electron 
oxidation,  it  is  possible  to  calculate  the  original  surface 
coverage  from  the  integrated  charge  under  the  oxidation  peak  and 
the  measured  surface  area  obtained  from  the  total  charge  con¬ 
tained  under  the  oxygen  desorption  peak  exhibited  by  the  clean 
gold  surface.  Such  measurements  typically  yield  a  coverage 
between  8  and  10  x  10~10  mol/cm2.  The  theoretical  coverage  of  a 
hep  monolayer  having  5  A  chain  separation  is  7.76  x  10“10 
mol/cm2 . 

Film  thicknesses  were  obtained  from  ellipsometry  data  of 
didocosyl  disulfide  and  docosyl  thiol  and  sulfide  adsorbed  onto 
freshly  evaporated  gold  foil  on  polished  silicon  substrates. 
These  were  compared  with  values  obtained  from  the  same  compounds 
adsorbed  on  electrochemically  cleaned  polycrystalline  and  single 
crystal  foils.  There  is  a  difficulty  in  obtaining  uniform 
dielectric  constants  over  the  entire  surface  area  of  the  electro 
chemically  cleaned  foils  (owing  to  local  variations  in  surface 


roughness).  It  is,  however,  possible  to  obtain  meaningful 
thickness  measurements  provided  one  collects  the  ellipsometry 
data  from  the  same  surface  area  both  before  and  after  adsorption. 
For  didocosyl  disulfide  the  thicknesses  so  determined  were 
indistinguishable  whether  the  data  were  obtained  from 
electrochemically  cleaned  substrates  or  from  the  freshly 
evaporated  gold  foils.  Monolayer  thicknesses  were  within  2-5  A 
of  the  value  expected  for  a  fully  extended  21  carbon  chain  (30 
A).  Similar  results  were  obtained  for  docosyl  thiol. 

Electron  diffraction  experiments  were  carried  out  at  100  kv 
and  120  kV  on  a  Philips  EM  420  transmission  electron  microscope 
equipped  with  a  60-deg  eucentric  single  axis  tilting  stage.  Low- 
beam  current  densities  at  the  sample  of  the  order  of  2  x  10“5 
A/ cm2  were  achieved  by  inserting  a  30  inn  condenser  aperture  and 
by  reducing  the  normal  operating  filament  and  emission  currents. 
The  area  of  sample  illuminated  by  the  beams  was  usually  400  ^m2. 
We  did  not  decrease  this  area  to  below  90  ^m2  because  of 
accelerated  sample  damage.  High-speed  X-ray  film  (Kodak 
Industrex  AA-5)  was  used,  allowing  a  five-fold  increase  in 
sensitivity  over  conventional  imaging  plates  to  give  satisfactory 
electron  diffraction  intensities  with  a  beam  dose  of  between  2  x 
10-5  to  4  x  10”5  C/cm2.  Exposures  longer  than  8-10  sec  at  this 
dosage  resulted  in  the  irreversible  conversion  of  discrete 
diffraction  spots  from  the  monolayers  into  continuous  amorphous 
rings.  A  low-dose  unit  was  employed  to  prevent  radiation  damage 
to  areas  of  the  specimen  where  diffraction  information  would  be 
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obtained.  This  unit  translated  the  beam  to  an  unexposed  area  of 
the  specimen  after  the  camera  shutter  opened  and  returned  to  a 
preset  focusing  position  after  the  shutter  closed.  This 
translation  usually  produced  a  streak  on  the  exposed  film  whose 
length  depended  on  beam  displacement;  the  origin  of  this  streak 
is,  however,  unambiguous.  Because  of  the  progressive  degradation 
of  the  samples  on  intermittant  exposure,  it  was  not  possible  to 
obtain  a  tilt  series  within  the  same  sample  area;  the  translation 
controls  were  moved  slightly  before  each  exposure  to  produce 
diffraction  from  an  area  previously  unexposed  to  the  electron 
beam.  After  obtaining  diffraction  data  from  any  given  area  of 
the  sample,  this  same  area  was  usually  imaged  to  be  sure  it  was 
representative  and  did  not  contain  any  multilayer  precipitates. 
Multilayer  precipitates  were  seen  occasionally  for  the  dialkyl 
sulfide  and  the  dialkyl  disulfide. 

The  thickness  of  the  gold  foil  could  be  deduced  from 
subsidiary  maxima  of  extinction  contours  and  was  found  to  range 
from  400  to  800  A.  The  beam  orientation  with  respect  to  the 
substrate  normal  was  determined  from  the  underlying  identifiable 
Au  reciprocal  lattice  zones.  The  precise  orientation  varied  from 
point  to  point  in  the  specimen  because  of  the  buckling  of  the 
gold  foils.  The  radii  of  curvature  of  the  rumples  in  the 
evaporated  foils  were  measured  by  assigning  extinction  contours 
with  the  goniometer  stage  tilt  axis  and  sweeping  them  across  a 
known  distance  in  the  image  by  small  tilts  determined  from  the 
gauge  of  the  sample  holder.  The  range  of  the  curvature  radius 


was  thus  found  to  be  106  to  107  A.  This  elastic  rumpling  could 
produce  a  maximum  effective  tilt  of  between  0.01  to  0.1  radians 
(diameter  of  selected  area  over  the  radius  of  curvature  of  the 
bend)  or  less  than  6°  of  tilt.  Orientation  of  the  sublattice 
could  be  determined  by  applying  the  method  of  Otte,  Dash,  and 
Schaack23  for  large  camera  lengths  and  that  of  Laird,  Eichen,  and 
Bitler24  for  camera  lengths  less  than  950  mm. 

Electron  diffraction  from  single  crystal  gold  foils  in  (100) 
and  (111)  orientations  show,  in  addition  to  the  diffraction  spots 
coinciding  with  intersections  of  the  reflection  sphere  and  the 
reciprocal  lattice  for  these  orientations,  extra  spots  due  to  the 
presence  of  microtwins  and  the  double  diffraction  from  these 
structures.  A  face-centered  cubic  crystal  in  (100)  c~ientation 
is  susceptible  to  twinning  on  all  four  (111)  planes.  This 
twinning  can  give  rise  to  additional  points  in  the  reciproca 
lattice  that  either  coincide  with  matrix  points  or  are  displaced 
from  matrix  points  by  vectors  of  1/3  <111>.25  A  selection  rule 
determines  whether  a  twinning  plane  will  produce  an  allowed  twin 
spot.  Conditions  for  production  of  these  extra  spots  have  been 
elaborated  by  Pashley  and  Stowell.2®  For  the  case  of  a  beam 
directed  along  (100),  the  diffraction  will  contain  the  normal 
f.c.c.  reflections,  each  at  the  center  of  a  square  array  of 
equidistant  satellites  displaced  from  the  matrix  point  by  1/3 
<111>. 

Normally,  (111)  films  prepared  by  evaporation  onto  an 
epitaxial  substrate  contain  some  microtwins.  They  also  contain  a 


high  density  of  dislocations  that  pass  through  the  film,  giving 
rise  to  double-positioning  boundaries  commonly  found  parallel  to 
(211)  planes.  These  dislocations  can  produce  extra  points 
belonging  to  the  (111)  reciprocal  lattice  section,  but 
visualization  of  these  require  double  diffraction  conditions  to 
be  satisfied.27 

Stacking  faults  along  (111)  planes  are  commonly  found  in 
f.c.c.  evaporates.  The  kinematical  theory  of  diffraction  from  a 
random  distribution  of  stacking  faults  in  close-packed  lattices 
has  been  considered  by  Paterson,28  who  showed  that  certain  low- 
angle  reflections — particularly  (111)  and  (020)  are  broadened  and 
displaced  along  the  directions  of  the  stacking  faults  [ill]. 

In  the  following,  we  will  need  to  distinguish  between 
reciprocal  lattice  vectors  of  the  substrate  and  of  the  organic 
film.  For  clarity,  those  vectors  pertaining  to  the  substrate 
will  have  the  designation  [hkl]s  and  those  pertaining  to  the 
plane  of  the  monolayer  [uv]Q. 

Results 

Docosyl  thiol  on  Au(lll).  With  the  electron  beam  parallel 
to  the  [lll]s  zone  axis  of  gold,  the  diffraction  from  docosyl 
thiol  adsorbed  on  the  Au(lll)s  face  presents  a  hexagonally 
symmetric  array  of  spots  with  the  principal  reciprocal  lattice 
vectors  coinciding  with  the  (110)S,  (101)s,  and  (011)s  directions 

in  the  substrate  (Figure  1).  The  observed  spacing  of  a*  =  0.2326 
A-1  implies  an  interchain  spacing  of  a  =  (a*  sin  7*)-1  =  4.97  A, 
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•  a)  Typical  diffraction  from  docosyl  thiol  on  Au(lll) 
with  B  =  [Tll]s,  A  =  0.0335  A,  camera  length  1372  mm. 
b)  Indexing  of  diffraction  spots. 
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(y*  =  120° ),  which  is  consistent  with  the  model  of  a  freely 
rotating  alkyl  chain  occupying  an  area  of  21.4  A2/chain.  This 
spacing  is  the  same  found  for  stearic  acid  adsorbed  on  the  (lll)s 
face  of  silver1  and  is  equivalent  to  the  spacing  between  the  next 
nearest  gold  atoms  on  the  (lll)s  surface  (4.99  A).  Although  the 
chain  spacings  are  equal  to  the  second  nearest  neighbor  gold 
spacings  (J 3) ,  the  monolayer  lattice  vectors  lie  in  the  same 
direction  as  the  principal  gold  lattice  directions  {110}s.  Thus 
the  monolayer  lattice  is  not  strictly  epitaxial  to  that  of  the 
gold  lattice.  The  diffraction  data  are  consistent  with  the 
coincidence  lattice  structure29  represented  by  the  centered 
lattice  c ( 7  x  7)  shown  in  Figure  2.  The  error  of  measurement  of 
interchain  spacings  (±0.05  A)  redounds  to  an  uncertainty  of 
±0.35  A  in  the  size  of  this  coincidence  unit  cell. 

Diffraction  from  a  similarly  adsorbed  cyclohexyl  mercaptan 
showed  only  the  expected  amorphous  scattering,  thus  demonstrating 
the  dependence  of  the  resulting  pattern  upon  the  specific 
structure  of  the  adsorbate. 

Identification  of  the  substrate  reflections  in  Figure  lb 
reveals  weaker  (111}S  type  spots  not  normally  seen  in  a  [111] 
section.  They  are  visible  in  this  gold  orientation  because  of 
the  superposition  of  the  first-order  Laue  zone  reflections  along 
with  zero-order  Laue  zone  reflections  along  the  [Ill]  zone.  The 
width  of  the  Laue  zones  depends  upon  the  extension  of  the 
reciorocal  lattice  along  the  beam  direction.  For  relatively 
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thick  crystals,  it  is  quite  common  for  the  widths  of  the  zones  to 
overlap. 30 

The  { 1 1 } 0  reflections  and  multiple  order  {10}o  reflections 
from  the  monolayer  are  not  easily  differentiated  from 
superlattice  spots  because  they  overlap  with  them.  In 
hexagonally  symmetric  packing,  the  primary  {11}0  reflections 
normally  exhibit  less  than  10%  of  the  intensity  of  primary  { 1 0  > 0 
reflections. 31  In  order  to  provide  intensity  data  suitable  for 
structure  factor  analysis  by  Fourier  methods,  one  could  attempt 
to  correct  the  observed  intensities  to  account  for  secondary 
scattering. 32  Our  present  interest  required  only  that  we 
approximate  the  contribution  of  the  superlattice  intensities  to 
overlapping  zero  order  {10}o  intensities.  We  make  this 
correction  by  simple  substraction  of  an  adjacent  secondary 
reflection  from  the  primary  spot  of  interest.  A  radial 
photometric  scan  across  any  of  the  ( 10 ) 0  reflections  (Figure  3,  a 
and  b)  reveals  a  Gaussian  intensity  distribution  with  half  width 
at  half  maximum  of  0.0167  A-1.  This  shape  suggests  a  domain  size 

o 

of  60  A,  about  three  times  the  dimension  of  the  coincidence  unit 
cell  but  significantly  smaller  than  the  separation  between 
incoherent  twin  boundaries  in  the  substrate  (-500  A) .  A 
rotational  scan  through  the  (10)o  reflections  (Figure  3c)  shows 
that  the  chain  packing  preserves  bond  order  to  within  6° -7°  of 
arc.  It  is  remarkable  that  there  is  no  evidence  of 
misregistration  of  the  monolayer  on  opposite  sides  of  the 
substrate  as  would  occur  in  the  presence  of  stacking  faults. 


optical  dansity  minus  background 


17 


Spikes  in  the  reciprocal  lattice  arising  from  the  form 
factor  for  the  unit  cell  allow  the  same  hexagonal  {10}o  reflec¬ 
tions  to  appear  over  a  broad  range  of  orientations  of  the  beam. 
With  the  beam  oriented  along  the  [lll]s  zone  axis,  the  organic 
reflections  have  six-fold  rotational  symmetry  and  uniform  spot 
intensity.  Since  the  intensity  distribution  is  determined  by  the 
spatially  averaged  orientations  over  two  sample  surfaces,  and 
since  this  achieves  a  maximum  along  the  [lll]s  zone  axis,  the 
average  chain  orientation  must  be  along  the  [lll]s  direction. 

(We  note  that  since  the  two  substrate  surfaces  are  antiparallel, 
there  may  be  some  tendency  to  symmetrize  the  azimuthal  distribu¬ 
tion  if  the  chains  themselves  are  approximately  parallel  (see 
below,  Figure  14).) 

The  organic  lattice  spacing  and  interplanar  angles  cor¬ 
responding  to  (10)o  reflections  appear  to  change  with  orientation 
depending  upon  where  the  reciprocal  lattice  spikes  intercept  the 
reflection  sphere.25  When  the  electron  beam  is  tilted  off  the 
[Ill]s  zone  axis,  the  six-fold  symmetric  Bragg  reflections  seen 
in  orthogonal  projections  distort  to  lower  symmetry  (Figure  4a, 
b,  c) .  The  distortion  increases  with  the  magnitude  of  the  tilt 
angle  and  is  maximal  along  directions  perpendicular  to  the  beam 
tilt  axis.  The  direction  of  displacement  of  reflections  of  a 
cubic  crystal  have  been  calculated  for  the  general  case  where  the 
electron  beam  and  the  reciprocal  lattice  spikes  pass  along 
different  arbitrary  directions  of  the  reciprocal  lattice.25  The 
directions  of  displacement  have  been  calculated  for  each  of  the 


beam  orientations  shown  in  Figure  4,  assuming  that  the  Bragg  rods 
are  on  average  parallel  to  the  [lll]s  zone  axis,  i.e.,  they  have 
no  preferred  azimuthal  direction.  The  calculated  splitting 
directions  are  in  agreement  with  the  data,  thus  reinforcing  the 
conclusion  drawn  from  the  uniform  and  symmetric  spot  patterns. 

Garoff  et  al.33  have  shown  that  it  is  possible  to  evaluate 
the  spatial  average  inclination  of  paraffin  chains  from  measure¬ 
ment  of  the  intensity  falloff  of  the  {10}o  reflections  with 
increasing  beam  tilt.  In  the  kinematic  limit,  scans  of  the 
diffracted  intensity  along  the  Bragg  rods  normal  to  the  substrate 
have  roughly  a  width  inversely  proportional  to  the  thickness  of 
the  monolayer.  The  thickness  decreases  for  increasing  angle  of 
chain  tilt.  In  the  present  example,  however,  several  complica¬ 
tions  arise.  A  complete  tilt  series  from  one  area  of  the 
specimen  cannot  be  obtained  owing  to  sample  lability  in  the  beam. 
Further,  the  tilt  angle  changes  from  place  to  place  on  the  sample 
owing  to  buckling  of  the  gold  foil.  The  simultaneous  diffraction 
from  the  substrate  as  well  as  from  the  organic  film,  however, 
allows  determination  of  the  beam  orientation  for  any  given 
exposure.  The  identification  of  the  zone  axis  from  an  observed 
combination  of  Bragg  reflections  of  the  substrate  orients  the 
beam  with  respect  to  the  substrate.  A  factor  less  readily 
overcome  in  measuring  fall-off  in  intensity  with  beam  tilt  is  the 
variable  substrate  attentuation  resulting  from  the  dynamical 
scattering  from  the  gold  substrate.  Extinction  distances  for  all 
low-order  gold  reflections  are  below  300  A33--substantially  less 


than  the  substrate  thickness.  Therefore,  transmitted  and 
diffracted  beam  intensities  from  the  organic  film  will  be  reduced 
by  systematic  multiple  reflections  from  gold.  The  magnitude  of 
this  reduction  depends  in  a  complicated  way  upon  the  particular 
reciprocal  lattice  points  intercepted,  their  extinction  distan¬ 
ces,  the  deviation  parameter,  and  the  specimen  thickness. 

Diffraction  data  were  obtained  from  discrete  beam  orienta¬ 
tions,  including  the  following  sets  of  zone  axes:  [lll]s, 

[ 2 1 1 ] s ,  [231]s,  [221]s,  and  [233]s.  This  series  constitutes  up 

to  23°  of  tilt  with  respect  to  [lll]s.  Figures  4a,  b,  and  c  show 
the  general  intensity  of  the  (10) 0  reflections  with  increasing 
tilt  angle.  To  circumvent  the  problem  of  anomalous  absorption 
producing  false  monolayer  spot  intensities,  the  sample  was 
rotated  around  a  common  rotation  axis  ([011]s  for  (lll)Au,  see 
Figures  4a,  b)  and  the  intensities  of  all  first-order  monolayer 
reflections  were  measured.  The  reflections  parallel  to  the 
rotation  axis  have  an  effective  qz  =  0  component,  while  those  off 
axis  have  the  qz  component  given  by  the  deviation  parameter  qz  = 
q| |°  tan  9  ,  where  9  is  the  rotation  angle.  The  intensities  of 
these  off-axis  reflections  were  divided  by  the  intensities  of  the 
on-axis  reflections  after  subtracting  the  contributions  of 
overlapping  superlattice  monolayer  reflections.  We  plotted  the 
peak  intensities  so  obtained  versus  the  corresponding  qz  value 
for  the  [233 ] 0  and  [211]s  beam  orientations  (Figure  5).  Although 
there  is  measured  noise  in  the  resulting  normalized  intensity 
data,  it  is  clear  that  the  sample  exhibits  Bragg  spikes  out 


The  variation  of  photometric  intensity  of  monolayer 
reflections  with  qz  at  X  =  0  and  constant  q  j  ^  for 
Au(lll)  and  Au(100).  qz°  =  2?r/length  of  hydrocarbon 
chain  (1.04  A  +  1.8  A  +  21/2  x  2.54  A)  =  0.213  A-1. 
Filled  circles:  ( 10 } 0  reflections  from  didocosyl 
disulfide  on  (lll)s,  q^0  =  1.4615  A'1.  Open  circles 
{ 10 }  o  reflections  from  docosyl  thiol  on  (lll)s,  q^0 
1.4615  A-1.  Checkered  circles:  (11}0  reflections 
from  didocosyl  disulfide  on  (100)s,  qM°  =  1.3840  A-1 


beyond  qz  =  0.5  A-1  corresponding  to  8  =  20°.  At  half  intensity, 
qz  is  estimated  to  be  between  0.6  to  1.0  A-1,  corresponding  to  8 
=  25° -35° . 

Docosyl  thiol  on  Au(100) .  Docosyl  thiol  adsorbed  on  the 
(100)  face  of  gold  exhibits  diffraction  spots  on  a  square  array 
oriented  along  the  gold  lattice  vectors  [100]s  and  [010]s  (Figure 
6a).  The  spacing  along  these  directions  is  equivalent  to  0.2203 
A-1  and  corresponds  to  an  interchain  spacing  of  4.54  A.  The 
square  array  is  similar  to  that  seen  in  a  (001)  section  of  the 
reciprocal  lattice  for  a  base-centered  square  lattice.  The  four 
observed  reflections  would  lie  along  the  [11]0  and  [11]0  direc¬ 
tions,  rotated  by  45°  with  respect  to  the  substrate  [110]s  and 
[110]s  directions  (Figure  6b).  Apparently,  the  expected  { 2 0 > 0 
reflections,  if  present,  are  too  weak  to  be  detected,  or  are 
completely  suppressed  by  disorder  in  the  organic  lattice.  The 
{ 10 } 0  reflections  are  forbidden  by  the  structure  factor  for  a 
base-centered  cell.  The  absence  of  (20)o  and  high-angle  reflec¬ 
tions  make  this  identification  subject  to  the  theoretical 
evaluation  of  the  structure  factor  under  conditions  of  imperfect 
translational  order.  We  have  not  yet  undertaken  this  calculation 
to  see  what  kinds  of  disorder  produce  the  measured  intensities. 
The  most  likely  assumption  is  that  tilt  variations  or  screw 
displacements  along  the  chain  axis  suppress  the  high-order 
reflections . 

The  two-dimensional  unit  cell  for  such  a  base-centered 
structure  is  a  square  6.42  A  on  a  side  with  corner  and  base- 
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Figure  6.  a)  Typical  diffraction  from  docosyl  thiol  on  Au(l00), 
cameral  length  1467  mm,  X  =  0.0335  A,  B  =  [001]s.  b) 
Indexing  of  observed  reflections. 
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centered  paraffin  chains.  The  packing  density  is  20.6  A2  per 
chain.  The  chains  have  a  spacing  that  does  not  conform  to  the 
free  rotator  model;  presumably  neighboring  chains  are  locked  into 
stationary  positions  determined  by  the  overlapping  van  der  Waals' 
lobes  of  the  methylene  groups  (see  Figure  7) . 

No  other  primary  organic  reflections  are  visible.  Separate 
superlattice  satellites  are  seen  around  each  gold  [001]s  zone 
reflection.  Unlike  the  case  of  adsorption  in  the  (lll)s  face, 
the  monolayer  spacing  seems  to  be  incommensurate  with  the  gold 
spacings.  Since  the  spacing  is  a  rational  multiple  (10/9)  of  the 
<100>  lattice  spacing  and  the  reflections  are  parallel  to  the 
gold  lattice  edge  vectors  we  identify  the  overlayer  as  deriving 
from  the  coincidence  overlayer:  c(10  x  10)  (Figure  7) .  The 
absence  of  all  reflections  for  a  base-centered  square  lattice 
other  than  those  for  which  (h,k)Q  =  (±1,+1)  may  mean  that  for 
translation  to  corresponding  points  from  one  chain  to  the  next 
across  the  substrate,  the  displacements  become  more  variable  the 
longer  the  surface  translations.  This  would  have  the  effect  of 
randomizing  the  phase  relationships  for  equivalent  points  on 
neighboring  chains.  If  the  structure  were  under  the  control  of 
multiple  coordination  sites,  small  tilt  or  translational  dis¬ 
placements  of  chains  would  be  likely  and  would  have  the  same 
effect. 

Translational  order  is  appraised  by  obtaining  a  radial 


photometric  scan  of  the  intensity  through  the  { 1 1 } 0  diffraction 
plans.  The  data  appear  to  fit  a  Lorentzian  distribution.  A 


Figure  7.  A  possible  representation  of  the  coincidence  c(10  x 
10)  overlayer  on  the  Au(100)  face.  Only  half  of  the 
centered  lattice  is  drawn.  Planes  of  the  zigzag 
chains  are  not  to  be  inferred  from  this  illustration 
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measured  half-width  at  half  maximum  intensity  (HWHM)  of  0.0075- 
0.005  A-1  (Figure  8a,  b)  corresponds  to  a  correlation  length  of 
130-200  A.  This  length  is  somewhat  shorter  than  the  spatial 
frequency  of  microtwins  in  the  gold  foil;  it  approximates, 
however,  the  distance  spanned  by  3  to  4  coincidence  lattices 
placed  side  by  side.  The  angular  distribution  of  intensities 
along  the  X  direction  in  Figure  8c  has  an  HWHM  of  5° -6°  indicat¬ 
ing  strong  (head  group)  bond-directed  order  conforming  to  the 
orientation  of  the  substrate. 

Didocosyl  disulfide  on  Au(lll).  The  diffraction  from 
didocosyl  disulfide  (RSSR)  on  Au(lll)  presents  no  outstanding 
differences  from  docosyl  thiol  on  Au(lll) .  Interchain  spacings 
(4.97  A),  domain  size  (60  A),  and  bond  directed  ordering  (hexago¬ 
nal  array  with  an  angular  spread  of  12°  (FWHM)  centered  about  the 
gold  hexagonal  lattice)  are  indistinguishable  from  the  thiol. 
Measurements  of  the  disulfide  spacings  also  show  hexagonal 
symmetry  for  the  case  of  zero  beam  tilt  (beam  parallel  to 
[lll]s).  This  symmetry,  together  with  the  uniform  intensity  of 
these  spots,  indicates  that  the  zigzag  chains  have  no  preferred 
azimuthal  direction.  At  the  same  time,  the  intensity  of  the 
{ 10 } 0  reflections  also  appears  to  fall  slightly  less  rapidly  with 
increasing  qz  than  the  fall-off  for  the  corresponding  thiol  (see 
Figure  5) ,  although  the  error  of  measurement  does  not  enable 
accurate  quantification  of  these  differences.  Figure  9a,  b,  c 
shows  a  series  of  diffraction  photographs  in  which  the  beam  tilts 
from  the  [Ill]s  to  the  [231]s  zone  axes.  The  average  chain  tilt 
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Figure  9.  Typical  diffraction  from  didocosyl  disulfide  on 
Au(lll) .  Direction  of  splitting  of  organic 
reflections  shown  by  arrow.  \  =  0.0335  A.  a) 

[ 332 ] s,  camera  length  =  1375  mm.  b)  B  =  [211] s 
camera  length  =  1452  mm.  c)  B  =  [231]s,  camera 


length  =  1467  mm.  Spot  displacement  along  [124] 


appears  to  be  at  least  as  great  as  that  of  the  corresponding 
thiol.  Like  the  thiol,  the  symmetry  and  uniform  intensity  of  the 
{11}0  reflections  for  zero  beam  tilt  suggest  that  the  paraffin 
chains  have  a  tilt  direction  that  is  symmetrized  about  the 
substrate  normal . 

In  preparing  didocosyl  disulfide  monolayers,  we  discovered 
that  if  we  allowed  excessively  long  intervals  of  adsorption  (a 
period  exceeding  24  h) ,  multilamellar  crystalline  structures 
formed.  These  have  the  appearance  of  quasi  regular  patterns  of 
closely  spaced  spots  (speckling)  that  appear  to  be  centered  about 
a  heavier  primary  spot  (Figure  10) .  This  effect  has  been 
observed  in  a  pattern  from  polycrystalline  diacetyl  by  Cowley  et 
al.32  and  has  been  attributed  to  secondary  diffraction  from 
layers  of  crystal  varying  by  a  few  degrees  in  orientation.  It  is 
an  example  of  the  rotational  slip  between  crystalline  layers 
leading  to  polycrystalline  domains.  In  this  case  long  adsorption 
periods  occasioned  the  formation  of  multiple  layers  with  no 
registry  between  layers. 

Didocosyl  disulfide  on  Au(100).  Like  the  corresponding 
thiol,  didocosyl  disulfide  on  Au(100)  presents  diffraction  spots 
in  a  square  array  of  uniformly  intense  spots  directly  along  the 
[ 100 ] s  and  [ 010 ] s  axes.  The  spacing  is  0.2203  A-1  (4.54  A) 
(Figure  11a,  b) .  As  previously  explained,  these  spots  were 
attributed  to  the  (11)Q  and  (11)0  reflections  of  a  base-centered 
square  lattice.  Higher  order  (hk)Q  reflections  were  not  ob¬ 
served.  A  translational  correlation  length  of  -130  A-200  A  was 


Figure  10.  Example  of  multiple  diffraction  through  a  multiple 
layer  of  didocosyl  disulfide  in  which  a  stacking 
disorder  leads  to  the  observed  speckling  pattern. 
Camera  length  =  1348  mm,  A  =  0.0335  A. 
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measured.  Measurement  of  the  decrease  of  intensity  of  the  {11}0 
reflections  as  the  beam  is  rotated  about  the  (100) s  axis 
indicates  that  total  extinction  occurs  for  a  rotation  of  less 
than  18°  (see  Figure  5) .  This  was  determined  by  tilting  the  beam 
to  coincide  with  the  [ 013 ] s  zone  axis.  An  accurate  measurement 
of  the  average  chain  tilt  is  not  yet  possible  owing  to  the 
limited  amount  of  data  collected,  yet  it  is  clear  that  it  is 
significantly  less  than  the  tilt  exhibited  on  (lll)Au.  We 
estimate  the  average  tilt  angle  to  be  between  6-12°. 

Unlike  the  case  of  docosyl  thiol,  however,  exceptionally 
sharp  and  rather  weak  reflections  are  also  seen  along  the  [110]s 
and  [ 1 1 0 ] s  directions  (Figure  11a,  b)  and,  less  commonly,  along 
( 100] g  and  [010]s  (Figure  11c).  These  reflections  have  a  spacing 
between  0.196-0.198  A"1  (5.10-5.05  A).  Up  to  three  orders  of 
reflections  are  observed.  The  absence  of  a  complete  array  of 
{ 10 ) o  reflections  again  suggests  a  base-centered  square  lattice. 
Here,  the  dimensions  are  about  7.14  A  on  a  side,  yielding  a  more 
loosely  packed  structure  with  a  density  of  about  25.5  A2/chain. 
The  chain  spacings  suggest  freedom  of  methylene  group  rotation. 
When  the  edges  of  the  unit  cell  are  oriented  along  [100]s  and 
[ 0 1 0 ] s  (i.e.  [ 10 ] o  is  parallel  to  [100]s  and  [01]o  parallel  to 
[010]S,  Figure  12a),  the  spacing  in  the  [11]0  and  [ll]0 
directions  is  incommensurate  with  the  gold  spacings  (actually  7/8 
/ 2  a) ,  and  the  overlayer  corresponds  (Figure  12a)  to  a 
coincidence  lattice  of  the  type  c(7/2  J2  x  7/2  J 2).  When  the 
edges  of  the  unit  cell  are  oriented  along  [110)s  and  [ T 1 0 ] s  (i.e. 
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Figure  11.  Typical  diffraction  patterns  from  didocosyl  disulfide 
exhibiting  three  different  phases  of  packing  on 
Au (100) ,  B  =  [ 001 ] s ,  A  =  0.0370  A.  Lower:  Indexing 
the  reflections  of  three  different  base-centered 
rhombohedra:  The  c(7/8  J 2  x  7/8  / 2)  overlayer 
reflections  are  identified  by  (hk)Q+;  the  c(5/4  x  5/4) 
overlayer  reflections  are  identified  by  (uv)Q++. 

a)  Monolayer  reflections  exhibiting  predominately  the 
c(10  x  10)  overlayer,  camera  length  =  1463  mm. 

b)  Monolayer  reflections  exhibiting  both  the  c(10  x 
10)  and  the  c(7/2  / 2  x  7/2  J 2)  overlayers,  camera 
length  =  1499  mm.  c)  Monolayer  reflections 
exhibiting  the  c(7/2  J2  x  7/2  J 2)  and  c(5  x  5) 
overlayers,  camera  length  =  1502  mm. 
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Figure  12.  a)  A  possible  representation  of  the  c(7/2  J 2  x  7/2 

J  2)  overlayer  of  didocosyl  disulfide  on  Au(100) .  Each 
sulfide  group  alkyl  is  assumed  to  have  rotational 
symmetry  and  variable  coordination  with  surface  Au 
atoms,  b)  A  possible  representation  of  the  c(5  x  5) 
overlayer  of  didocosyl  disulfide  on  Au(100).  Each 
sulfide  alkyl  group  is  assumed  to  have  rotational 
symmetry  and  variable  coordination  with  surface  Au 


atoms . 


[ 10 ] 0  is  parallel  to  [110]s  and  [01]o  is  parallel  to  [110]s  the 
monolayer  unit  cell  is  rotated  45°  with  respect  to  the  gold 
sublattice),  then  the  spacing  in  the  [11]Q  and  [11]0  directions 
is  also  incommensurate  with  the  gold  spacings  (actually  5/4  a) , 
and  the  overlayer  corresponds  (Figure  12b)  to  a  centered  lattice 
of  the  type  c(5  x  5).  Neither  { 2 0  > 0  nor  any  higher  angle 
reflections  are  detected. 

Photometric  scans  in  the  rotation  direction  (X)  show  an 
equivalent  magnitude  of  bond  disorder  for  all  monolayer  phases. 
The  angular  spread  of  (11) 0  and  (11) 0  reflections  is  14°  (full 
width  at  half  maximum) .  Of  the  lowest  density  phases,  radial 
scans  indicate  a  translational  order  better  than  0.002-0.003  A-1, 
which  is  two  times  sharper  than  that  seen  for  the  c(io  x  10) 
square  overlayer  reflections.  Reflections  from  the  c(7/2  J 2  x 
7/2  / 2  overlayer  were  used  to  estimate  the  outside  limits  of 
instrumental  broadening  to  all  measured  line  widths.  Line  widths 
of  these  reflections  corresponded,  roughly,  to  the  spatial 
frequency  of  substrate  imperfections  ((111)  microtwins  on  a  (100) 
surface  have  an  average  separation  of  400-500  A) . 

Beam  tilting  measurements  indicate  that  while  both  the  high 
density  and  low  density  square  overlayers  have  conformations  in 
which  the  average  chain  tilt  exhibits  rotational  symmetry  with 
respect  to  the  substrate  normal,  the  low  density  square 
reflections  quench  much  more  rapidly  with  variation  of  qz  than  do 
the  high  density  reflections.  Their  intensity  falls  below 
visibility  for  qz  =  0.1  A-1,  indicating  that  on  average  the 
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paraffin  chains  in  the  low  density  square  phase  are  tilted  very 
slightly,  if  at  all  (<6°). 

Didocosyl  sulfide.  Multilayer  precipitates  of  didocosyl 
sulfide  grown  overnight  from  ethanol  on  Au(100)  present  an 
orthorhomk ic  crystalline  lattice  (Figure  13a,  b)  with  cell 
dimensions  a  =  7.71  A  and  b  =  5.0  A.  Monolayer  films,  however, 
assembled  in  appreciably  shorter  times  (1-2  h)  and  thoroughly 
rinsed  with  solvent  exhibit  the  same  basic  features  as  monolayer 
films  of  didocosyl  disulfide.  Monolayer  films  of  didocosyl 
sulfide  assembled  on  Au(lll)  also  present  indistinguishable 
diffraction  results  as  didocosyl  disulfide  on  Au(lll)  (Figures  6 
and  9) .  In  consideration  of  the  larger  difference  in  binding 
affinity  of  sulfide  and  disulfide  for  gold,35  we  suspect  that 
trace  disulfide  impurities  might  be  responsible  for  the  observed 
diffraction  results.  More  work  is  needed  in  quantifying  the 
amount  of  sulfide  bound  before  we  can  safely  conclude  that  it  has 
a  packing  isomorphous  with  that  of  the  disulfide. 

Discussion  and  Summary 

TEM  data  of  self-adsorbed  docosyl  thiol,  and  didocosyl 
disulfide  on  crystalline  Au  surfaces  show  these  alkanes  to  be 
packed  in  disordered  crystalline  (or  paracrystalline)  arrays, 
with  long-range  bond  orientational  correlations  and  varying 
translational  correlations  (see  Table  1).  Substrate  atom 
symmetry  and  spacings  play  an  important  role  in  establishing  the 
details  of  their  molecular  packing.  A  hexagonal  close-packed 


(hep)  distribution  of  surface  gold  atoms  (i.e.,  a  (111)  face) 
gave  in-plane  diffraction  data  exhibiting  two-dimensional 
hexagonal  space  groups  with  spacings  and  orientations  conforming 
to  the  coincidence  overlayer  c(7  x  7)  for  all  three  head  groups. 
The  interchain  spacings  (4.97  A)  are  sufficiently  long  that  the 
intermolecular  contacts  should  permit  CH2  group  rotation. 

Spacings  between  alkyl  chains  were  slightly  larger  than  the 
spacings  found  for  hcp-LB  films  of  Cd-stearate, 33  lipid36  and 
fatty  acid  monolayers.37  Head  group  bonding  is  presumed  to 
impart  some  differences  compared  to  structures  in  which  the  end 
groups  are  unconstrained.  The  density  of  the  unit  cell  is 
slightly  smaller  in  disulfides  and  thiol  monolayers  than  in  other 
alkane  microcrystals  (area  per  chain  is  21.4  A2  for  didocosyl 
disulfide  and  docosyl  thiol,  and  21  A2  for  Cd  stearate,  compared 
to  20  A2  for  anhydrous  phospholipids  and  lecithin31) . 

The  presence  of  superlattice  reflections  overlapping  the 
higher  harmonic  monolayer  Bragg  reflections  complicates  the 
comparison  of  experimental  intensities  with  structure  factor 
calculations  for  ideal  lattices,  making  it  difficult  to 
quantitate  the  degree  of  crystalline  order.  The  correlation 
lengths  for  disulfide  and  thiol  are  similar:  60  A  based  upon 
(10}o  reflections,  and  the  line  shapes  appear  to  fit  a  Gaussian 
function.  This  is  slightly  greater  than  the  domain  size  that 
Garoff  et  al.33  found  for  the  Langmuir-Blodgett  monolayer  of 
cadmium  stearate,  although  the  line  shape  in  the  stearate 
monolayer  fitted  a  Lorentzian  better  than  a  Gaussian  function. 
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The  mismatch  between  the  head  group  separation  and  preferred 
tail  group  separation  in  similar  constrained  alkyl  systems 
suggests  the  possibility  of  accommodation  in  sulfide  alkyls  by 
chain  tilting.  -*-3  In  Cd  stearate,  the  spot  intensity  changed  with 
sample  orientation  in  a  way  that  suggested  that  the  long  axes  of 
the  stearate  molecules  were  tilted,  on  average,  some  8°  away  from 
the  surface  normal.  The  tilt  direction,  however,  is  disordered. 
Nuzzo,  Fusco,  and  Allara,14  and  Porter  et  al.16  have  obtained  the 
infrared  reflection  absorption  spectra  of  various  chain  length 
disulfides  and  thiols  adsorbed  on  evaporated  gold  foil  having 
predominately  (111)  texture.  They  interpreted  the  relative 
strengths  of  CH  stretching  modes  as  resulting  from  fully  extended 
alkyl  chains  tilted  between  20-30°  off  the  substrate  normal.  Our 
beam  tilting  experiments  also  indicate  a  substantial  amount  of 
chain  tilt  in  didocosyl  disulfide  and  docosyl  thiol.  For 
example,  the  intensity  of  the  {10)o  Bragg  spots  does  not  diminish 
to  below  half  maximum  until  the  sample  is  tilted  at  least  25° 
from  the  qz  =  0  plane.  The  pattern  of  spot  displacement  with 
various  amounts  of  sample  tilting  and  the  symmetric  distribution 
of  spot  intensity  when  the  beam  is  parallel  to  the  substrate 
normal  demonstrate  that  the  direction  of  tilt  is  averaged  over 
the  azimuthal  plane  in  such  a  way  as  to  produce  effective  Bragg 
spikes  in  the  direction  of  the  substrate  normal.  If  there  were 
only  a  few  directions  of  tilt  along  discreet  gold  surface  vectors 
that  could  satisfy  these  conditions,  it  is  conceivable  that  the 
effect  of  having  a  double-sided  sample  would  be  to  produce  a 
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false  averaging  of  the  azimuth  (see  Figure  14) .  It  is  more 
likely,  however,  that  the  tilt  direction  is  uniformly  disordered 
on  this  surface. 

Nuzzo  et  al.38  compared  X-ray  photoemission  and  electron 
energy  loss  data  on  vapor  adsorbed  dimethyl  disulfide  with  that 
of  the  corresponding  thiol  and  concluded  that  on  the  [lll]s  face 
of  gold  single  crystal  the  chemisorption  occurs  predominately 
dissociatively  as  thiolate  (RS) ,  although  a  smaller  component  is 
believed  to  adsorb  molecularly.  This  may  explain  the  lack  of  any 
discernable  difference  in  the  diffraction  on  Au(lll)  from 
didocosyl  disulfide  and  docosyl  thiol.  The  absence  of  any 
further  distinguishing  characteristics  in  diffraction  from 
didocosyl  sulfide  is  interpreted  as  originating  from  either 
similar  chain  packing,  despite  the  single  bridging  sulfur,  or  to 
the  presence  of  impurity  disulfides  whose  binding  affinity  to  the 
gold  surface  is  orders  of  magnitude  greater  than  the  sulfide. 

Beam  tilting  experiments  are  presently  too  incomplete  to 
differentiate  the  effects  of  head  group  substitution  on  the 
canting  of  the  molecular  axis  in  these  cases. 

On  the  (100)  face,  a  square  array  of  substrate  atoms 
produces  two  dimensional  square  alkane  lattices.  Three  different 
disordered  crystalline  phases  are  observed  for  the  didocosyl 
disulfide  (RSSR) ;  only  a  single  phase  is  observed  for  docosyl 
thiol  (RSH)  (see  Table  I).  In  all  phases,  the  systematic  absence 
of  reflections,  other  than  those  satisfying  the  condition 
h+k=2n  (n  =  0,  1,  2,  etc.) 


A  representation  of  the  way  in  which  the  double  sided 
sample  might  falsely  symmetrize  the  tilt  direction  of 
alkyl  chains. 
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indicate  base-centering  of  the  two-dimensional  square  lattices. 
The  phase  common  to  all  head  groups  exhibits  an  interchain 
spacing  of  4.54  A,  which  is  short  enough  that  intermolecular 
contacts  will  determine  the  azimuthal  orientation  of  each  chain 
(see  Figure  7) .  The  spacing  is  a  rational  multiple  (10/9)  of  the 
gold  lattice  spacing.  The  overlayer  is  therefore  presumed  to  be 
the  coincidence  centered  lattice  c(10  x  10).  Either  variable 
substrate  coordination  symmetry  (three  to  four  coordinating  Au 
atoms)  or  point  defects  in  the  chain  ( trans-gauche  replacement) 
is  expected  to  produce  this  packing. 

In  this  phase,  only  the  four  reflections  (h,  k)  =  (+1,  +1) 
are  observed.  The  missing  (2n,  0)  and  higher  harmonic  (h,  k) 
reflections  are  presumed  to  be  smeared  out  either  by  small 
lattice  deformations  or  Debye-Waller  fluctuations.  In  both 
cases,  the  reflections  would  become  more  and  more  diffuse  in  all 
directions  with  increasing  distance  from  the  central  reflection. 
Packing  could  be  more  variable  for  this  phase  because  azimuthal 
alignment  of  adjacent  chains  would  be  coupled  both  to  substrate 
roughness  and  to  chain  tilt. 

Despite  the  absence  of  a  simple,  common  lattice  match  with 
gold,  the  c(10  x  10)  square  phase  shows  crystalline  order  over 
130  A-200  A  in  the  direction  parallel  the  nearest  neighbor 
vectors.  Evidently  ordering  in  the  {11)0  directions  is 
benefitted  by  nearest  neighbor  contacts.  Positional  correlation 
in  the  { 1 0 ) 0  directions  (direction  of  the  gold  face  diagonals) 
could  be  considerably  less.  The  statistics  describing  the 


fluctuations  of  the  unit  cell  edge  need  not  be  the  same  as  those 
describing  fluctuations  of  the  shortest  intermolecular  vector. 
Despite  this  evidence  of  poor  translational  ordering  in  one 
direction,  the  alkyl  chains  retain  Au-S  substrate  bond  directed 
order  to  within  +6°  over  the  entire  area  intercepted  by  the  probe 
(400  uva.2)  .  Given  the  presumed  variability  of  Au-S  coordination 
for  this  phase,  such  bond  directed  ordering  is  remarkable.  It  is 
probably  reinforced  by  strongly  directed  interchain  contacts  (see 
Figure  7) . 

Didocosyl  disulfide  forms  several  different  incommensurate 
phases  on  Au(100),  whereas  docosyl  thiol  appears  to  form  only 
one.  One  possible  explanation  of  these  differences  derives  from 
the  observation  by  Nuzzo,  Zegarski  and  Dubois38  that,  although 
the  dominant,  stable  chemisorbed  state  of  dimethyl  disulfide  on 
Au(lll)  is  as  a  thiolate,  some  strongly  chemisorbed  disulfide  is 
retained,  and  there  may  be  an  equilibrium  between  the  disulfide 
and  the  thiolate  on  the  surface.  There  is  the  possibility  that 
both  disulfide  and  thiolate  phases  exist  on  an  Au(lOO)  surface. 

We  expect  the  disulfide  chains  will  pack  less  densely  than  the 
corresponding  thiolate  chains,  because  the  presence  of  the 
disulfide  bond  limits  the  conformations  available  for 
intramolecular  chain  packing  and  may  preclude  the  interchain 
registration  that  allows  short  intermolecular  contacts  (4.54  A). 
We  suspect  that  the  phases  observed  to  have  long  spacings  (5.1  A) 
may  be  attributable  to  surface  disulfides  and  the  phase  observed 
to  have  short  spacings  (4.54  A)  may  be  attributable  to  surface 


thiolates.  Thiolates  may  be  able  to  exist  in  either  phase,  but 
steric  requirements  may  limit  disulfides  to  the  phase  with  the 
longer  chain  spacings.  The  single  phase  observed  on  Au(lll)  for 
didocosyl  disulfide  may  actually  be  two  phases,  but  the  disulfide 
phase  may  be  masked  by  its  ability  to  pack  into  hep  lattices 
having  longer  chain  spacings  (5.0  A). 

The  question  whether  the  disorder  in  these  monolayer  systems 
is  liquid-like  or  microcrystalline  revolves  around  whether 
translational  correlations  decay  exponentially  with  distance  or 
are  truncated  by  a  series  of  defects  that  preserve  bond  order. 
Liquid-like  phases  could  resemble  the  hexatic  (for  hexagonal 
lattices)  or  tetratic  (for  square  lattices)  states  of  liquid 
crystals.39  Unfortunately,  the  present  data  do  not  yield 
sufficiently  accurate  statistics  on  the  tilt  and  positional 
disorder  in  these  systems  to  provide  unequivocal  answers. 

The  nearest  neighbor  spacings  of  the  c(10  x  10)  phase  (4.54 
A)  are  similar  to  those  found  in  paraffin  crystals  with 
orthorhombic  unit  cells  having  rectangular  sublayers  (4.5  A), 
i.e.,  those  in  which  the  chain  axes  are  orthogonal  to  the  plane 
of  the  end  groups  (designated  R[0,0]  in  Kit iagorodskii ' s 
notation6)).  In  these  bulk  paraffin  crystals,  the  CH2  groups  in 
adjacent  chains  are  coplanar,  and  the  chains  themselves  are 
untilted.  The  two-dimensional  monolayers  have  a  unit  square  cell 
6.42  A  on  a  side  (surface  area  per  chain  20.6  A2)  compared  to  the 
bulk  paraffin  orthorhombic  R[0,0]  structure  with  rectangular  two- 
dimensional  cell  (5.0  x  7.42  A)  (18.6  A2  per  chain).  The  reduced 
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packing  density  of  the  disulfide  and  thiol  monolayers  compared  to 
that  in  the  terminally  unconstrained  case  again  leads  one  to 
suspect  that  there  may  be  substantial  canting  of  the  molecular 
axes  in  the  direction  of  maximum  monolayer  void  volume,  i.e.,  in 
the  direction  of  the  gold  unit  cell  surface  diagonal  vectors 
{ 110 ) s .  One  may  speculate  that  it  is  a  variation  in  the  angle  of 
tilt  along  these  directions  that  is  in  part  responsible  for  the 
absence  of  the  {20}o  and  high  order  reflections  in  this  system. 

Some  evidence  exists  to  indicate  that  chain  tilt  of  the 
square  lattice  may  be  less  than  that  encountered  in  the  hep 
lattice.  One  measurement  of  a  {11}0  reflection  from  docosyl 
disulfide  at  a  qz  =  0.463  (beam  orientation  18.5°  away  from  the 
substrate  normal)  showed  no  residual  intensity  remaining,  while 
the  intensity  of  a  spot  from  the  hep  phase  at  a  roughly  equal  qz 
value  measured  about  0.6-0. 7  times  the  maximum  value  obtained  at 
qz  =  0.  Thus,  the  polar  tilt  of  this  square  overlayer  may  be 
considerably  less  than  that  in  the  hep  phase.  The  direction  of 
the  spot  distention  on  beam  tilting  is  consistent  with  an  average 
orientation  of  reciprocal  lattice  spikes  along  the  surface 
normal.  This  structural  hypothesis  is  also  consistent  with  the 
interpretation  that  the  azimuth  of  the  tilt  angle  is  symmetrical 
(but  not  necessarily  uniformly  distributed)  on  the  planar 
surface.  For  example,  this  same  condition  could  result  if  there 
were  equal  probability  of  finding  the  molecular  tilt  axis  in  the 
direction  of  either  of  the  two  surface  diagonals  of  the  gold 
square  lattice  and  a  very  small  probability  of  finding  the  tilt 
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azimuth  along  any  of  the  edge  directions  (see  Figure  14) . 

Still  other  disulfide  phases  on  a  gold  (100) s  surface  show 
the  greatest  spatial  coherence  of  any  phase  we  have  found  (on  the 
order  of  the  separations  between  microtwins  of  gold  400-500  A) . 
The  spacings  are  incommensurate  with  the  substrate  lattice, 
conforming  to  the  overlayers  c(5  x  5)  and  c(7/2  J 2  x  7/2  J2). 

The  unit  cells  would  differ  slightly  in  size  (7.2  x  7.2  A2  and 
7.13  x  7.13  A2,  respectively),  but  these  differences  are  not 
resolvable  by  the  accuracy  of  our  measurements  (+0.05  A).  These 
are  the  lowest  density  phases  we  have  found  (chain  area: 

25  A2-26  A2)  and  similar  lattice  dimensions  and  packing  densities 
have  not  been  described  for  the  bulk  paraffin  case.  Some 
calculations40  suggest  that  gauche  configurations  may  replace 
trans  when  the  area  per  head  group  is  greater  than  25  A2.  There 
is  no  evidence  of  much  chain  tilting  in  either  of  these 
structures.  Beam  tilting  experiments  indicate  that  the  sharp 
Bragg  peaks  are  completely  quenched  for  less  than  6°  of  tilt  away 
from  the  substrate  normal.  The  relatively  low  surface  densities 
of  these  phases,  combined  with  evidence  of  variable  substrate 


coordination  and  little  or  no  tilt  of  the  molecular  axis,  poses 
questions  about  the  mechanism(s)  by  which  bond  order  is  preserved 
in  these  structures. 

Clearly  much  work  remains  to  elucidate  the  structures  of 
alkyl  sulfide  monolayers  on  gold.  The  measurements  of  chain  tilt 
would  benefit  from  thinning  the  substrate  films  (perhaps  by 
electrochemical  means)  to  thicknesses  less  than  the  extinction 


distances  for  gold  planes.  In  so  doing,  the  superlattice 
reflections  would  diminish,  and  monolayer  spot  intensities  could 
then  be  compared  with  structure  factor  calculations. 

The  susceptibility  of  these  organic  monolayer  surfaces  to 
electron  beam  damage  greatly  complicates  the  data  collection 
procedures  and  severely  limits  the  spatial  resolution  one  can 
attain.  The  statistics  required  to  completely  describe 
positional  and  tilt  disorder  are  also  limited  by  the  available 
spatial  resolution.  The  visualization  of  high  order  reflections 
in  the  c(10  x  10)  structure  might  be  possible  if  one  could 
collapse  the  electron  probe  diameter  without  accelerating 
radiolysis  of  the  sample.  A  low  temperature  capability  with 
sample  cooling  to  below  7°  K  should  permit  much  higher 
resolution.  It  would  also  permit  one  to  perform  multiple 
irradiation  of  the  same  sample  area  for  beam  tilting  analyses  and 
correlational  statistics  on  disorder.  A  temperature  study,  in 
itself,  would  be  valuable  to  help  sort  out  the  effects  of  lattice 
distortions  from  Debye-Waller  fluctuations  in  controlling  the 
observed  packing  arrangements. 

We  have  presented  evidence  that  substrate  crystallography 
does  control  the  packing  of  monolayer  alkyl  sulfides  adsorbed 
from  the  solution  phase.  The  impact  that  underlying  substrate 
crystallography  and  roughness  have  on  monolayer  surface 
properties  like  wetting  has  yet  to  be  determined  in  a 
quantitative  way.  It  is  likely  that  other  crystallographic 
planes  and  tail  group  functionalities  will  provide  an  even 


greater  wealth  of  possible  monolayer  structures  and  surface 
properties.  We  are  tempted  to  suggest  that  these  structures, 
juxtaposed  in  equal  planes,  or  added  as  multilamellar  aggregates 
may  produce  the  new  architectures  for  novel  surface  applications 
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Captions 


Figure  1.  a)  Typical  diffraction  from  docosyl  thiol  on  Au(lll) 
with  B  =  [111]S/  A  =  0.0335  A,  camera  length  1372  mm. 
b)  Indexing  of  diffraction  spots. 

Figure  2.  a)  A  possible  representation  of  the  c(7  x  7) 

overlayer  in  which  thiol  or  thiolate  groups  coordinate 
with  a  variable  number  of  gold  atoms. 

Figure  3.  a)  The  definition  of  radial  (q,.)  and  rotational  (X) 


scans  through  a  hexagonal  reciprocal  lattice.  b)  A 
radial  photometric  scan  across  a  representative  {10}o 
Bragg  spot.  Intensity  units  are  arbitrarily  based  on 
an  optical  density  scale.  FiJled  circles  represent 
best  fit  Gaussian  line  shape  of  half  width  0.0167  A-1, 
c)  A  rotational  photometric  scan  across  a 
representative  {10}o  Bragg  spot. 


Figure  4.  A  typical  representation  of  the  changes  in  the  thiol 
diffraction  intensity  and  symmetry  with  beam  tilting. 


The  angle  between  the  [lll]s  and  beam  directions  is 
given  below:  The  direction  of  the  displacements  of 
the  organic  reflections  is  given  by  the  arrow.  A  = 
0.0335  A.  a)  B  =  [233 ]s,  rotation  10°,  camera  length 
1201  mm.  b)  B  =  [211]s,  rotation  19.5°.  camera 
length  1396  mm.  c)  B  =  [231]s,  rotation  22.2° , 
camera  length  1189  mm;  displacement  is  along  [124 ]s. 

Figure  5.  The  variation  of  photometric  intensity  of  monolayer 
reflections  with  qz  at  X  =  0  and  constant  q..  for 

II 

Au (111)  and  Au (100) .  qz°  =  2*/length  of  hydrocarbon 
chain  (1.04  A  +  1.8  A  +  21/2  x  2.54  A)  =  0.213  A'1. 
Filled  circles:  {10}o  reflections  from  didocosyl 
disulfide  on  (lll)s,  q^0  =  1*4615  A-1.  Open  circles: 

{ 10 } 0  reflections  from  docosyl  thiol  on  (111) s ,  q^0  = 
1.4615  A-1.  Checkered  circles:  {11}0  reflections 
from  didocosyl  disulfide  on  (100)s,  q^0  =  1-3840  A”1. 

Figure  6.  a)  Typical  diffraction  from  docosyl  thiol  on  Au(100), 
cameral  length  1467  mm,  A  =  0.0335  A,  B  =  [00l]s.  b) 
Indexing  of  observed  reflections. 


Figure  7.  A  possible  representation  of  the  coincidence  c(10  x 
10)  overlayer  on  the  Au(100)  face.  Only  half  of  the 
centered  lattice  is  drawn.  Planes  of  the  zigzag 
chains  are  not  to  be  inferred  from  this  illustration. 

Figure  8.  a)  Definition  of  a  radial  ( q  |  | )  and  rotational  (X) 

scan  through  the  reciprocal  lattice  of  a  base-centered 
rhombohedron  reciprocal  lattice.  b)  A  radial 
photometric  scan  through  a  {11)0  Bragg  spot. 

Intensity  units  are  arbitrarily  based  on  an  optical 
density  scale.  Filled  circles  represent  best  fit 
Lorentzian  line  shape  of  half  width  0.00468  A-1.  c) 

A  rotational  photometric  scan  across  a  representative 
{11}0  Bragg  spot. 

Figure  9.  Typical  diffraction  from  didocosyl  disulfide  on 
Au(lll) .  Direction  of  splitting  of  organic 
reflections  shown  by  arrow.  \  =  0.0335  A.  a)  B  = 

[ 3 3 2 ] s ,  camera  length  =  1375  mm.  b)  B  =  [211]s, 
camera  length  =  1452  mm.  c)  B  =  [231]s,  camera 
length  =  1467  mm.  Spot  displacement  along  [124]. 

Figure  10.  Example  of  multiple  diffraction  through  a  multiple 
layer  of  didocosyl  disulfide  in  which  a  stacking 
disorder  leads  to  the  observed  speckling  pattern. 
Camera  length  =  1348  mm,  A  =  0.0335  A. 


Figure  11.  Typical  diffraction  patterns  from  didocosyl  disulfide 
exhibiting  three  different  phases  of  packing  on 
Au(100),  B  =  [ 001 ] s ,  1  =  0.0370  A.  Lower:  Indexing 
the  reflections  of  three  different  base-centered 
rhombohedra:  The  c(7/8  J 2  x  7/8  J2)  overlayer 

reflections  are  identified  by  (hk)G+;  the  c(5/4  x  5/4) 
overlayer  reflections  are  identified  by  (uv)0++. 

a)  Monolayer  reflections  exhibiting  predominately  the 
c(10  x  10)  overlayer,  camera  length  =  1463  mm. 

b)  Monolayer  reflections  exhibiting  both  the  c(10  x 
10)  and  the  c(7/2  J2  x  7/2  J2)  overlayers,  camera 
length  =  1499  mm.  c)  Monolayer  reflections 
exhibiting  the  c(7/2  J2  x  7/2  J2)  and  c(5  x  5) 
overlayers,  camera  length  =  1502  mm. 

Figure  12.  a)  A  possible  representation  of  the  c(7/2  J2  x  7/2 

J2)  overlayer  of  didocosyl  disulfide  on  Au(100).  Each 
sulfide  group  alkyl  is  assumed  to  have  rotational 
symmetry  and  variable  coordination  with  surface  Au 
atoms.  b)  A  possible  representation  of  the  c(5  x  5) 
overlayer  of  didocosyl  disulfide  on  Au(100).  Each 
sulfide  alkyl  group  is  assumed  to  have  rotational 
symmetry  and  variable  coordination  with  surface  Au 


atoms . 


a)  An  example  of  the  orthorhombic  reciprocal  lattice 
obtained  from  a  multilayer  precipitate  of  didocosyl 
sulfide.  Lattice  constants  are  a  =  7.71  A  and 
b  =  5.0  A.  Orthorhombic  reflections  are  identified  by 
(hk)R.  b)  The  transition  from  monolayer  to  multilayer 
in  which  the  four-fold  symmetric  c(10  x  10)  overlayer 
is  present  along  with  the  orthorhombic  multilayer. 

A  representation  of  the  way  in  which  the  double  sided 
sample  might  falsely  symmetrize  the  tilt  direction  of 
alkyl  chains. 
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